Pd/C catalysts were prepared by deposited Pd nanoparticles (NPs) on different carbon supports including activated carbon (AC), graphite oxide (GO), and reduced graphite oxide (rGO) using sol-immobilization method. Through transmission electron microscopy, powder X-ray diffraction, and X-ray photoelectron spectroscopy, the role of the carbon supports for the catalytic performances of Pd/C catalysts was examined in selective hydrogenation of acetylene. The results indicate that Pd/AC exhibited higher activity and selectivity than Pd/GO and Pd/rGO in the gas phase selective hydrogenation of acetylene. Thermal and chemical treatment of AC supports also have some effect on the catalytic performance of Pd/AC catalysts. The differences in the activity and selectivity of various Pd/C catalysts were partly attributed to the metal-support interaction.
I. INTRODUCTION
Selective hydrogenation of acetylene to ethylene is an important industrial purification process for removing trace amount of acetylene from ethylene, which would otherwise poison the catalysts for the ethylene polymerization to polyethylene [1−3] . Pd catalysts supported on metal oxide supports such as γ-alumina (γ-Al 2 O 3 ), silica (SiO 2 ) and titanium dioxide (TiO 2 ) are commonly used for such selective hydrogenation reaction [4−8] , and the catalytic performance is associated with several factors such as the Pd particle size/morphology and the metal-support interaction, which affect the ethylene adsorption strength, the formation of hydride, carbide, and carbonaceous deposits during reaction [9−11] . Recently, it has been reported that carbon-supported Pd catalysts exhibited higher selectivity for the selective hydrogenation of acetylene than metal oxide-supported Pd catalysts [12−14] .
For a long time, carbon-based materials have been used as supports of catalysts and also been extensively employed for hydrogenation in industrial reactions [14−17] . Compared to the metal oxides (such as Al 2 O 3 and TiO 2 ), carbon materials exhibit specific physical and chemical properties, such as resistance to acid and basic environment, tunable surface chemistry and easy recovery from the reaction mixture. For supported palladium catalysts, the properties of support greatly influence the states of metal active sites and the * Author to whom correspondence should be addressed. E-mail: ysma@ustc.edu.cn, Tel: + 86-551-63607950.
adsorption and/or diffusion of reactants, and therefore affect the resulting catalytic activities [18, 19] . Generally, the carbon materials exhibit abundant surface functional groups, such as carboxyls, phenols and esters, which has been proposed to have a promoting effect on catalytic activity [20, 21] . Liu et al. investigated the catalytic performance of Pd catalysts supported on graphite oxide (GO), carbon nanotube (CNT), chemically derived graphene (CDG), and commercial Pd/C catalysts in the hydrogenation of olefins, and Pd/GO showed a much higher catalytic activity than other catalysts [20] . It was found that the large numbers of oxygen-containing functional groups on GO sheets play an important role in controlling the dispersion and stabilization of Pd NPs, the dispersion of the catalyst in solvent, as well as the adsorption and diffusion of reactant [20] . Similarly, Metin et al. concluded that the high activity of Pd/CDG in the dehydrogenation of ammonia borane is primarily attributed to the high dispersion and small particle size of palladium nanoparticles on CDG supports [22] . Mastalir et al. suggested that the superior activity and selectivity of Pd-GO catalysts in the liquid-phase hydrogenations of 3-hexyne and 4-octyne may be attributed to the effect of the GO host, the low palladium loading and the uniform size distribution of the Pd nanoparticles [23] . However, few studies were reported on the effect of carbon-based supports for Pd catalysts in the selective hydrogenation of acetylene.
In the present work, to obtain a better understanding of the support effect, Pd nanoparticles supported on activated carbon (AC), GO, and reduced graphite oxide (rGO) support were prepared by sol-immobilization method and the catalytic activities were tested in sele-ctive hydrogenation of acetylene. In addition, the catalytic performance of various Pd/AC catalysts, which were prepared by immobilization of Pd NPs chemically and thermally-treated AC supports were also examined.
II. EXPERIMENTS

A. Preparation of carbon supports
All the chemical agents used in the present study were purchased from Sinopharm Chemical Reagent Co. Ltd. if not mentioned specially. GO was prepared from expandable graphite (Qingdao Jin Ri Lai Graphite Co. Ltd.) by pressurized oxidation [24, 25] . Typically, the graphite (0.6 g), potassium permanganate (KMnO 4 , 3 g) and sodium nitrate (NaNO 3 , 0.6 g) were put into a Teflon reactor. After adding sulphuric acid (98%, 30 mL), the reactor and stainless steel autoclave were covered and fastened down. The autoclave was kept at 0
• C for 2 h and then heated at 100
• C in an oven for 2 h. The obtained mud was diluted with 300 mL water. With vigorous stirring, H 2 O 2 (30%) was dipped into the suspension until the slurry turned golden yellow. The suspension was washed with HCl and deionized water until the pH reached 7. Then, the precipitate was dispersed in 150 mL water by sonication for 2 h. Finally, the resulting mixture was dried at 70
• C for 24 h. The as-obtained GO is a hydrophilic material which can be dispersed in water to form stable colloidal suspensions via exfoliation. Before Pd deposition, GO was calcinated at 200
• C for 1 h in N 2 and is marked as GO200. Then, GO200 was reduced by NaBH 4 at 80
• C for 8 h to get rGO [26, 27] . To investigate the modification effect on AC supports, AC were treated chemically and thermally. For chemical treatment, AC was treated with 1 mol/L NaOH at 80
• C for 1 or 12 h, then washed with deionized water until the pH reached 7 and dried at 70
• C for 12 h. The as-obtained samples were denoted as AC-1 and AC-12, respectively. For thermal treatment, AC was calcinated at 500
• C for 3 h in N 2 and marked as AC-heat.
B. Preparation of Pd/C catalysts
The supported Pd/C catalysts were prepared using a sol-immobilization method [28] . Briefly, 242 mL of Na 2 PdCl 4 aqueous solution (about 0.3 mmol/L) was mixed with 1.5 mL of PVA solution (1 wt%) with stirring, obtaining a yellow-brown solution. Next, 1.5 mL of 0.1 mol/L NaBH 4 solution was added dropwise under vigorous magnetic stirring condition. The Pd sol was formed immediately as evidenced by the color of the solution changing to dark brown. After stirring for 3 min, the colloid was acidized by concentrated sulphuric acid to pH≈1. Then carbon support was added to the obtained colloid, the amount of which was calculated as having a total final metal loading of 1 wt%. After stirring for 2 h, the slurry was filtered and the catalyst was washed thoroughly with deionized water until no Cl − ion was detected (by AgNO 3 ), then dried at 70
• C for 12 h. The palladium content on carbon supports was checked by ICP analysis of the filtrate. All the synthesized Pd/C catalysts were calcinated at 200
• C for 3 h in flowing air to remove the PVA protecting agents before the activity measurements.
C. Catalysts characterization
The prepared Pd/C catalysts were characterized by various analytical techniques. Inductively coupled plasma atomic emission spectrometer (ICP-AES) analyses were performed on the filtrate using a Optima 7300 DV to verify the metal loading on carbon support. Powder X-ray diffraction patterns (XRD) were recorded on a MXPAHF X'Pert PRO diffractometer using nickle-filtered Cu Kα radiation source (λ=0.15418 nm). Transmission electron microscopy (TEM) images were obtained on JEOL-2010 with electron acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measurements were performed on an ESCA-LAB 250 high-performance electron spectrometer using monochromatized Al Kα as the excitation source. All the binding energies were calibrated by the C 1s peak of adventitious carbon (BE=284.8 eV).
D. Catalytic reactions
The selective hydrogenation of acetylene in an ethylene-rich stream was investigated in a 6 mm quartz tube under continuous flow conditions. The catalysts were pretreated at 200
• C for 1 h in 5% H 2 /Ar mixture with a flow rate of 20 mL/min in situ. The reaction gas concentrations were set to 0.327 vol% acetylene, 0.611 vol% hydrogen and 33.09 vol% ethylene, and the rest was N 2 . In a typical experiment, 50 mg of the catalyst was placed in the reactor and heated to desirable temperatures. The composition of the product gas stream was analyzed by an online Fuli 9750 gas chromatography equipped with a PLOT capillary column (30 m×0.53 mm×10.0 µm) and a flame ionization detector. The conversion of acetylene (Conv.) was calculated using the following equation [29] : 5 6 7 8 9 10 11 12 13 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10 the following equation: • and 24.9
• respectively, which is a characteristic structure of rGO and assigned to the presence of "re-graphitized" carbon regions [30, 31] . The diffraction peak at 43.5
• of Pd/rGO and Pd/GO200 corresponds to the specific feature of graphite (JCPDS No.41-1487). It indicates that the GO layers roughly restack to the initial graphite spacing due to the van der Waals attractive interactions, which is mainly because the surface functional groups was removed when the GO supports are calcinated at 200 XPS measurement, all of the Pd/C catalysts were pretreated in 5%H 2 /Ar atmosphere at 200
• C for 1 h. All the XPS 3d spectra were fitted by Avantage software after subtracting of a Shirley background and the results are shown in Table I . For Pd/GO200 catalysts, two components are resolved in the Pd 3d 5/2 region, located at 335.7 and 337.0 eV, respectively. For Pd/rGO, the Pd 3d 5/2 spectra are fitted by two peaks with the binding energy of 335.8 and 337.9 eV. In the case of Pd/AC, the binding energy of the two resolved peaks is 336.0 and 337.3 eV, respectively. According to the literature [34, 35] , the component with binding energies (BE) of 335.7−336.0 eV is reasonably assigned to metallic Pd nanoparticles and the other one with BE of 337.0−337.9 eV assigned to PdO x species. The presence of PdC x species is not considered here since the formation of such species is not likely during the mild calcination and reduction process in the present study [12] . For all the Pd/C catalysts, the BE of Pd 3d 5/2 peak for metallic Pd form is larger than that of bulk Pd (usually 335.0 eV), due to the size effect of Pd nanoparticles [34, 35] . Furthermore, it has been reported that the presence of rich surface functional group on the surface of carbon supports usually provide anchoring sites for deposited metal nanoparticles and promote their dispersion and stabilization [20, 21] . Considering that the average size of Pd nanoparticles for various Pd/C catalysts is very similar as indicated by TEM results (FIG. 1) , the difference in the BE of metallic Pd form may imply the difference in the Pd-support interaction.
In a previous study [18, 19] , no obvious differences in the BE of metallic Pd were observed for Pd catalysts supported on different carbon supports, which were prepared by wet impregnation and employed in the aerobic oxidation of aromatic alcohols. 
B. Catalytic test
The catalytic performance of different Pd/C catalysts was tested for partial hydrogenation of acetylene in an excess of ethylene and the results were shown in  FIG. 4 . Blank experiment shows that all the studied carbon supports without Pd loading exhibit a negligible acetylene conversion (<1%). As shown in FIG. 4(a) , the conversion of acetylene increases with the increase of temperature below 65
• C for all catalysts. In general, Pd/AC exhibits a better catalytic performance in selective hydrogenation of acetylene than Pd/GO200 and Pd/rGO catalysts. For Pd/AC, the acetylene conversion reaches 100% at a reaction temperature of 65
• C. For Pd/GO200, the acetylene conversion increases more slowly with the reaction temperature and reaches 100% at a reaction temperature of 85
• C. In comparison, the acetylene conversion is only ∼25% at a reaction temperature of 70
• C over Pd/rGO, much lower than the other two Pd/C catalysts. Furthermore, the evolution of ethylene selectivity for all three Pd/C catalysts shows a different tendency with increasing the reaction temperature. For Pd/AC catalyst, the selectivity toward ethylene decreases with an increase in temperature, the value decreasing from 96% at 30
• C to 37% at 70
• C. The observation that the ethylene selectivity decreases with the temperature is reported to be a typical behavior on oxide-supported Pd catalysts in selective hydrogenation of acetylene [9−11] . It can be explained by the relatively enhanced rate of side reaction such as further hydrogenation of ethylene intermediate to ethane or formation of oligomer at higher temperature, resulting in a decrease in the ethylene selectivity [9−11] . For Pd/GO200, the selectivity remains ∼70% in the temperature range of 30−70
• C and starts to decrease slowly at higher temperature. In the case of Pd/rGO, the selectivity is held at ∼40% below 45
• C and increases gradually with the increase of temperature in the temperature range of 45−70
• C. A similar tendency to Pd/rGO was previously reported on Pd catalysts supported on multi-walled carbon nanotube, in which both the activity and selectivity increase with temperature [14] . It was ascribed to that the specific electronic structure of MWCNT support may affect the hydrogen transfer between catalytic active sites and therefore suppress the formation of undesired products such as oligomer and coke on the catalysts during reaction compared to the metal-oxide supports [13, 14] . Accordingly, the above different catalytic performance of various Pd/C catalysts may be related to the different nature and electronic structure of various carbon supports, implying an important role of support. For more detailed comparison of the catalytic performance, the acetylene conversion versus ethylene selectivity is also displayed in FIG. 4(c) . It clearly indicates that Pd/AC catalyst exhibits higher ethylene selectivity at the same acetylene conversion below 90% in comparison with Pd/GO200 and Pd/rGO under the studied reaction conditions. When acetylene conversion approaches 100%, Pd/GO200 exhibits higher selectivity of ethylene than Pd/AC due to a much faster decrease in ethylene selectivity with acetylene conversion of Pd/AC catalysts. It has been generally assumed in previous literatures that the support plays relatively little role in determining the catalytic behavior of metal oxide-supported Pd catalysts in selective acetylene hydrogenation [11] . The above activity/selectivity results clearly indicate that the nature of supports is an important factor in controlling the catalytic performance of Pd nanoparticles supported on carbon-based materials, which is consistent with a recent investigation by Benavidez et al. [12] . By deposition of small Pd particles (0.5−1.0 nm) on various supports including carbon, Al 2 O 3 and MgO, it was observed that various supported Pd catalysts exhibit different activity and selectivity in the selective hydrogenation of acetylene and an obviously enhanced selectivity of ethylene was observed for Pd/C catalysts in comparison with Pd/Al 2 O 3 and Pd/MgO catalysts [12] . To account for the higher catalytic performance of Pd/AC catalyst, several factors have to be considered. In the present study, ICP and TEM results indicate that the metal loading and the mean size of supported Pd nanoparticles, which were prepared by solimmobilization method, are very similar for the three Pd/C catalysts, so these factors can be neglected. For different carbon materials, it is difficult to compare directly the support effect since they differ largely in the structure including volume size distribution, surface area, surface functional groups and electronic structure. However, the chemical state of Pd verified by XPS measurements may partly reflect the Pd-support interaction for Pd/C catalysts since the abundant surface functional groups on carbon materials usually interact with deposited Pd nanoparticles and modify the electron density on Pd nanoparticles due to Pd-support interaction. As shown in FIG. 3 and Table I , the Pd 3d 5/2 peak of Pd/GO200 and Pd/rGO catalysts shift to lower BE by approximately 0.3 and 0.2 eV compared to that of Pd/AC (BE≈336.0 eV), suggesting a relative strong metal-support interaction for Pd/AC catalysts. Such observation may partly account for higher activity and selectivity of Pd/AC catalysts, which would affect the formation of Pd hydride during hydrogenation reaction [12, 13] . It is noted that the adsorption and diffusion behavior of reactants on the carbon supports may also have some contributions to the observed different catalytic properties of Pd/C catalysts, which cannot be indentified in the present study.
To further investigate the support effect, the catalytic tests were also carried out on Pd nanoparticles supported on thermally-and chemically-treated AC supports, the results of which are shown in FIG. 5. The modification of AC supports indeed has some effects on the catalytic performance of Pd/AC catalysts in selective hydrogenation of acetylene. Pd/AC-heat has a slightly higher acetylene conversion than untreated Pd/AC catalyst while chemical treatment of AC supports by NaOH suppresses the activity of Pd/AC to some extent. At reaction temperature of 60
• C, the acetylene conversion of Pd/AC-heat, Pd/AC, Pd/AC-1, and Pd/AC-12 catalysts is 97.4%, 89.4%, 83.1%, and 71.0%, respectively. Although all the studied Pd/AC catalysts obtain acetylene conversion of 100% at reaction temperature of 65
• C, more significant changes were observed in the ethylene selectivity. At isoconversion of acetylene, the selectivity toward ethylene follows the order of Pd/AC-1>Pd/AC≈Pd/AC-heat>Pd/AC-12 in most cases (FIG. 5(c) ). It was observed previously that thermal treatment of AC at 500
• C usually leads to the dissociation of carboxylic acid on the support while NaOH treatment mostly reduce the concentration of surface functional group such as phenol and carbonyl/quinines while the textural properties kept unchanged [36] . Therefore, the surface modification induced by thermal and chemical treatment of AC supports may affect the interaction between the deposited Pd particles and the support. XPS analysis indicate that the BE of 3d 5/2 feature for metallic Pd state is identical for Pd/AC, Pd/AC-1, and Pd/AC-heat while a negative shift by 0.2 eV was observed over Pd/AC-12 (Table I) . It may suggest a relatively weak Pdsupport interaction on Pd/AC-12 and therefore leads to a decrease in the selectivity of ethylene. Moreover, the change of the amount and the type of the surface functional groups on the support induced by pre-DOI:10.1063/1674-0068/30/cjcp1704082 c ⃝2017 Chinese Physical Society treatment may also affect the adsorption of reactants and/or hydrogen spill-over from metal sites to the support, therefore modify the catalytic behavior of Pd/AC catalysts [37] .
IV. CONCLUSION
Various Pd/C catalysts were prepared by deposition of Pd nanoparticles on different carbon supports including AC, GO200, and rGO using solimmobilization method. The catalytic performance of the three Pd/C catalysts follows the sequence of Pd/AC>Pd/GO200>Pd/rGO in the selective hydrogenation of acetylene, providing a clear evidence that the nature of carbon support plays an important role in selective hydrogenation reaction. The difference in the activity and selectivity of various Pd/C catalysts was attributed to the changes of chemical state of Pd nanoparticles induced by the metal-support interaction. 
